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Abstract 
The shut-down of nuclear power plants and the general shift from fossil to regenerative energies lead to an increase of disparity between energy 
production and energy consumption in Germany. Because of the immense acceptance problems among the public against overhead lines and 
underground cables new solutions are needed. After considering various options the idea of a tunnel along the highway for the electricity 
transmission was selected within a VDE study as a promising option. Since joints are expensive and a source of failure and the transportation of 
cables that are longer than one kilometer is barely possible on land, on-site production is considered as an alternative. To make a production on-
site economically more attractive, challenges and first approaches towards a continuous HVDC cable production are described. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
The rise of renewable energy usage as well as the impact of 
the events in Fukushima, Japan, makes a further development 
of the electricity transmission grid in Germany inevitable in 
recent years. The increase of wind power generation 
transforms northern regions of Germany with low energy 
consumption into power generation centers while the 
predominant industry region in the south is shutting down 
their nuclear power plants. This imbalance creates a high 
demand for electricity transmission, for which the existing 
alternating current (AC) grid is insufficient because of its huge 
electricity losses for longer distances [1]. Therefore, direct 
current (DC) electricity transmission is due to an increase of 
transmission distances not only needed for sea, but also for 
land connections. 
The cheapest DC solution is to build a new net of overhead 
lines. Another, more expensive solution would be the usage of 
underground cables. However due to massive acceptance 
problems within the public, both solutions are difficult to 
realize in Germany [2]. The importance of the changeover to 
more renewable energies in the grids is accepted by the 
general public, but there is still the “not in my backyard” 
(NIMBY) discussion for each electricity transmission route 
[3]. Therefore, new solutions considering the public concerns 
must be developed. 
A study done by the Association for Electrical, Electronic 
and Information Technologies (VD – in German: Verband der 
Elektrotechnik, Elektronik und Informationstechnik) has 
shown, that a grouping of power cables in a tunnel-based 
solution next to the existing highways might be a promising 
compromise between the need for new electricity 
transmission, and the public protests against visible 
transmission routes and the influence of underground cables 
on the environment [4]. Another enormous advantage is, that 
if the tunnel has once been built, the capacity of the electricity 
transmission can be raised without interminable permission 
processes. Furthermore, a tunnel next to the highway might 
simplify a realization due to a good infrastructural location 
and possibly less non-governmental property crossed in 
comparison to a tunnel or an underground cable across the 
country side. 
Therefore, a consortium of members from universities and 
industry is working on a new approach to connect generation 
and load centers in Germany by high voltage direct current 
(HVDC) transmission within a tunnel. The project is called 
OVANET – Overlay Grids as an Option for the Future. An 
overlay grid can be understood as a meshed highway for the 
electricity transmission, which is laid in addition onto the 
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already existing transmission grid to which it has only a 
certain amount of interfaces. 
Considering only the transport and the installation of the 
cable, there are several difficulties which need to be taken into 
account. Today's solution for any kind of land cable is to use 
trucks for the transport to the point of installation. Taking into 
account that a truck is only capable of transporting 40 tons, a 
single length of a HVDC cable cannot extend – depending on 
the specific cable design – the limitation of 1 to 1.5 km. 
Considering our case of a meshed electricity grid, a solution 
based on truck transportation would not only cause huge 
logistics costs, but would also have higher assembly costs due 
to the amount of necessary joints, which could also influence 
the failure rate of the connection. The assembly of joints 
requires highly skilled craftsmen, are not allowed to any 
mistake. 
Another solution, which has to the best knowledge of the 
authors not been realized yet, is to carry the cable on ships 
directly towards an entry of a meshed long-length tunnel. A 
ship-based solution would due to the costs of the rental of a 
ship raise the logistics costs for the transport. Furthermore 
concepts would have to be developed how a cable handling 
could be realized, without damaging the cable. Both 
possibilities, a direct transport into the tunnel as well as an 
intermediate storage raise the possibility of a failure and bring 
further costs. Beside all costs, one natural limitation for this 
solution is given. A suitable entry to the tunnel close to the 
water with enough width and depth must be given by its 
location. 
A third solution, which has also neither been planned nor 
realized yet, is a mobile or non-stationary cable factory which 
is designed to produce only the HVDC cables needed for this 
project and to conduct the cable directly into the tunnel. 
Mobile is meant in the sense of movable to another spot after a 
certain production period. This approach allows eliminating 
the transportation costs from the factory to the tunnel to a 
minimum and at the same time to minimize the amount of 
joints needed. As already described each joint raises the total 
production costs, is time consuming and needs highly skilled 
craftsmen. So in addition, to reduce the costs of the current 
cable production and to make at the same time the idea of a 
mobile cable factory more attractive, approaches are 
developed to minimize the joints needed and to optimize the 
state of the art cable production. 
Therefore, in this paper the challenges and approaches for a 
continuous cable production with a focus on extruded cables 
are shown. 
2. HVDC cable production and its limitations 
Within the framework of the OVANET project cables for 
HVDC transmission with a 500 kV capacity are considered. 
In recent onshore and offshore cable connections mass 
impregnated (MI) cables as well as cross-linked polyethylene 
(XLPE) insulated cables are deployed. Whereas long-term 
experience in operating MI cables is available, the more 
recent XLPE technology is promising less installation costs 
and has the potential to lower the production costs [5]. 
Regardless of the insulation type, the main components of 
transmission cables, illustrated in Fig. 1, are similar 
throughout both technologies. 
Fig. 1. Schematic representation of a HVDC power cable 
2.1. Conductor 
The conductor of the HVDC cable has the main function to 
carry the designated electric current. It is made of copper or 
aluminum wire which is drawn to its specific diameter in the 
first step of manufacturing the conductor. Within the drawing 
process surface imperfections are removed from the round 
rods [6]. Copper has a three times higher specific conductivity 
than aluminum, thus the conductor and therefore the entire 
cable is smaller in diameter at similar performance. 
Aluminum conductors are lower in weight and cost, even 
though more material is used. In the second step, the wire is 
stranded to a round shaped conductor with a size of 2000 to 
3000 mm². Within the stranding process, the conductor is 
repeatedly compressed and smoothened by rolling mills to 
remove gaps. Fig. 2 shows the process of conductor 
production. 
Fig. 2. Conductor stranding 
The limiting factor for conductor production is determined 
by the wire lengths on the stranding machines drums. Total 
continuous lengths of 20 to 30 km have been reached for sea 
cable conductors so far [7]. According to the industry 
however, welding of single wires to achieve significantly 
longer conductors in a continuous process is merely a matter 
of production organization. 
2.2. XLPE insulation and semiconducting screen 
The inner and outer semiconductor screens provide a 
smooth mechanical interface between conductor and 
insulation. This way, a homogenous electrical field 
throughout the insulation screen is achieved and local 
deviations of electrical stress are prevented. For XLPE 
insulated cables the semiconductor screens are composed of a 
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similar compound to the insulation, enriched with conductive 
carbon black [8]. 
The insulation shields the high voltage potential of the 
conductor from the ground potential of the metal sheath. The 
thickness of the insulation layer is determined mainly by the 
electric field strength of the system. It is composed of XLPE 
compound. The XLPE granulate has to be handled with 
highest regard to purity and cleanness. Even minor 
imperfections in the compound can lead to an irreversible 
cable defect. To avoid any containment, void or gap at the 
interfaces, insulation, and inner or outer semiconductor 
screen, they are applied simultaneously by triple extrusion. 
The extrusion process is not only a bottleneck for production 
speed but also the most critical process in regard to a 
continuous cable production. As part of the purity 
requirements of the insulation the molten XLPE compound 
streams through a number of extruder screens. These screens 
as well as the extruder have to be cleaned after the extrusion 
of 40 to 60 tonnes of cable insulation material [7]. According 
to information from the cable industry, the extrusion head 
needs to be cleaned after 100 tonnes of insulation material. 
In a continuous process directly after extrusion and under 
the influence of peroxide, a chemical cross-linking agent, 
thermal energy and pressure the molten polymer is cured. 
This step is not considered a limiting factor in regard to the 
continuous cable production. The process of XLPE insulation 
can be seen in Fig. 3. 
Fig. 3. XLPE insulation process [10] 
The last step in XLPE insulation manufacturing is the 
degassing of cross-linking by-products. While these by-
products are held in during the curing process through 
external pressure to avoid pores in the insulation, they have to 
be degassed afterwards. This is performed under temperatures 
of no more than 80° C to prevent thermal damages and ageing 
of the insulation. Hence the process can take up to 28 days for 
larger HVDC cables, which would require for a continuous 
process more than 20 km of cable being continuously treated 
at the same time in consideration of operating speeds of state 
of the art extruders.  
2.3. Mass impregnated and semiconducting screen 
The material for insulation as well as semiconductor 
screens for MI cables is paper tape. The semiconducting 
layers include carbon black but are otherwise treated and 
applied as the insulation itself. With indoor climate the paper 
has a relative moisture of around 8 % and has to be dried 
under controlled conditions for several days to contain less 
than 1 % of water [9].  
As soon as this pre-treatment is finished the paper is 
wrapped around the conductor in the lapping machine which 
is again located in a humidity controlled environment. 100 to 
200 layers of paper are applied with prescribed tensions 
taking into account mechanical strength and bending 
flexibility of the cable. To compensate imperfections of the 
organic paper material and to avoid paper edges stacking up 
in the same spot the tapes are overlapping [10]. The wrapping 
process may be interrupted to mount new paper rolls to the 
machine and does therefore not constitute a limitation in terms 
of a continuous cable production. 
To increase the electric stability of the insulation it is dried 
further and impregnated in the next step of manufacturing. 
The cable is placed in a vacuum chamber where it is subject 
to a decreasing water vapor partial pressure of 10-2 to 10-3 
mbar for around 14 days. To increase humidity diffusion out 
of the insulation the chamber is slowly heated to a maximum 
of 120 °C. When the insulations contains less than 0.1 % of 
water, the chamber is flooded with an impregnation mass [9]. 
This compound mainly consisting of mineral oil and resins 
has to be dried and degassed itself before being used for 
impregnation. So far, the drying and impregnation of the 
paper insulation is a discontinuous process. Possible 
production lengths are determined by the cable diameter and 
the size of the vacuum chamber. 
2.4. Metal sheath 
The metal sheath serves as a radial water barrier and 
carries the ground potential. For both cable technologies 
(XLPE and MI) a solid metal sheath made of lead or 
aluminum is applicable. A lead sheath is produced as a tube 
around the cable by a Hansson-Robertson extruder, which is 
fed with molten lead. Continuous high quality sheaths of 
50 km or more are possible [11]. Aluminum on the other hand 
is applied as sheet metal and connected by strip welding at the 
overlapping edges alongside the cable. In addition, sheets may 
be welded crosswise in order to manufacture longer cables. 
Alternatively aluminum can be extruded as described for lead. 
As there is no impregnation mass in XLPE cables, another 
option is very commonly used for these cables particularly for 
onshore connections. A polymer-coated aluminum foil of 
about 0.2 mm thickness is sufficient in preventing humidity 
intrusion into the cable. The so called aluminum laminate 
sheath is supplemented by an underlying wire screen to shield 
the electric field carry the ground potential and a possible 
short-circuit current. The wire screen is manufactured similar 
to the conductor stranding. The aluminum foil is glued at an 
overlap. 
2.5. Oversheath 
The oversheath has the main function to protect the cable 
from mechanical damages. It further prevents water intrusion  
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and corrosion of the metal sheath. Additionally other 
functions like fire protection may be integrated [12]. The 
oversheath consists of polyethylene and is extruded onto the 
cable. Since purity requirements are comparably low for this 
outer layer, production is not limited as for the XLPE 
extrusion. The process of the cable production is shown in 
Fig. 4. 
2.6. Joints 
Power cables are connected by joints to increase their 
length. Multiple techniques for jointing are available. All of 
them start with connecting the conductor by welding or with 
mechanical connectors. MI cables are then insulated by 
manually lapping impregnated paper around the connection 
spot. This can be done in the factory as part of the production 
process or in the field as part of laying out the cable or during 
repair operations. 
For XLPE joints techniques vary for factory environments 
and the field. Connecting cables in the factory is done by 
either lapping XLPE tape around the conductor similar to the 
paper insulation or by extruding XLPE into a mold around the 
connection spot. For field connections, prefabricated joints are 
deployed. These standardized joints are less costly and faster 
to install which are advantages over MI cables [11]. 
2.7. Testing 
All high voltage cables pass through different tests during 
development and after manufacturing. Performing electrical 
testing after production is limited to finite cable lengths of 
few kilometers though [9]. Additionally, these cables are 
subject to long-term trial phases after laying out the 
connections. The particular tests to be carried out as well as 
their extent are determined in agreements between network 
operators and cable manufacturers. 
3. Contribution to a continuous cable production 
A reason for the actual limitation of land cable production 
is the difficulty of transportation. Furthermore, a land cable 
connection of more than a few hundred kilometers has not 
been realized before. The mobile cable factory allows the 
shortfall of the transportation of the cable. The idea is to have 
the factory close to the tunnel and being able to directly insert 
the cable. It also allows a reduction of joints by extending the 
single cable length further. So an additional cost reduction can 
be realized. After a certain period of time, the mobile cable 
factory will be transported to another position close to the 
tunnel were it will continue the production. 
As elaborated before, various adjustments in the cable 
manufacturing process are required for a continuous 
production facility. So far separate production units have to be 
configured into a steady process flow. Whereas different 
operating speeds of machinery can be aligned, buffers are 
necessary to balance set-up times and failures. Furthermore, 
technical innovations for some processes are inevitable. 
Approaches for the modification of two productions steps are 
shown in the following. 
3.1. Triple extrusion  
For XLPE cables the extrusion presents a major limit to a 
continuous cable production. The extruder has to be cleaned 
after 40 to 60 tonnes of insulation material. The extrusion 
process cannot be paused for this matter.  
A concept which allows the application of two extruders 
instead of only one to circumvent this limitation is shown in 
Fig. 5. 
Fig. 4. Cable production process 
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When the first extruder is close to its production limit, the 
second extruder is turned on. During the run-up phase of the 
second extruder its melt is discarded through an outlet until a 
steady flow at the target temperature is reached. Before the 
first extruder is shut off, a valve is shifting the material flow 
to the second extruder. The outlet behind the second extruder 
is closed while it is opened for the first extruder to accomplish 
a constant material flow into the extrusion head. An additional 
extrusion screw behind the switch valve mixes both melts to 
ensure a homogenous polymer insulation. Cleaning and the 
exchange of extrusion screens take around 12 to 24 hours.  
Consultation with cable manufacturers and an extruder 
manufacturer resulted in a confirmation of the technological 
feasibility of this approach. However, special care in the 
design of the valves to create a smooth transition of melts and 
prevent any contamination has to be taken. 
3.2. Degassing 
Degassing has been a discontinuous process so far. Cables 
with lengths of one to two kilometers are treated in heated 
chambers with space for one cable drum.  
Fig. 6 shows an approach for a heated chamber with a 
continuous degassing process. The buffer is designed similar 
to a turntable used in offshore cable manufacturing. It differs 
from a turntable by using fix layers which enable an improved 
degassing process. 
The cable is led into the chamber through an air shower to 
prevent heat losses. The cable is then stored spirally on 
multiple layers of a rotating turntable. Depending on the 
amount of layers a diameter of 20 to 50 m is viable. For 
example a chamber with the size of around 30 m diameter, a 
residence time of four weeks and a production speed of 0.5 
m/s allows degassing in a continuous process with a capacity 
of 21 km HVDC cable. The turntable which is storing and 
releasing the cable at the same time has to be constructed in 
detail. 
4. Conclusion and outlook 
In this paper a future option for a future HVDC overlay 
grid within a tunnel-based solution is introduced, which is 
trying to meet the demand of the general public as well as the 
demand for grid expansion. The main advantages are the in 
comparison to overhead lines or underground cables easy 
capacity expansion and their invisibility by being 
underground. 
For realizing the tunnel-based solution, a mobile or non-
stationary cable factory in range of the tunnel, which allows a 
direct insert of the cable, can be an approach to reduce the 
transportation costs. By eliminating the problem of 
transportation of the cable, single lengths of the cable can be 
extended. This reduces the amount of joints needed and 
increases the cable reliability. However it requires an 
increased level of process mastery for the cable factory. The 
main obstacles for a continuous cable production are the 
extrusion and degassing process. For both processes solutions 
are shown, whose implementation would not enable a 
continuous cable production, but a doubling of a single length. 
The main reason for not having these process optimizations 
implemented yet, are that there has not been a project, that 
requires longer single lengths. But for the OVANET project, 
this might a reasonable approach do to the very high demand 
of cable for an onshore cable. Furthermore, there are no 
experiences with a mobile cable factory yet. Especially for a 
realization of the OVANET project this would be necessary to 
reduce the transportation and joint costs and to increase the 
reliability of the cable. 
Currently, the mobile factory alternative does raise many 
further crucial questions about the implementation of such an 
overlay grid, which are being discussed within the project 
OVANET. Further research has to be done on a more detailed 
approach of how to realize longer distances. So far, these are 
concepts, which we have discussed with the cable industry. In 
addition, a cost analysis has to be developed to see, under 
which circumstances the mobile cable factory is – spoken 
from an economic perspective – reasonable. Besides, an 
increase of single cable lengths can only work if the process 
mastery of cable production is increasing as well and an 
increase of failure rate can be excluded. Until today, the idea 
of a mobile cable factory for HVDC cables has not been 
realized and therefore more yet unknown difficulties may also 
occur. 
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